Background: The prognosis of metastatic breast cancer (MBC) is extremely heterogeneous. Although patients with MBC will uniformly die to their disease, survival may range from a few months to several years. This underscores the importance of defining prognostic factors to develop risk-adopted treatment strategies. Our aim has been to use simple measures to judge a patient's prognosis when metastatic disease is diagnosed.
introduction
The clinical behavior of metastatic breast cancer (MBC) is more or less unpredictable reflecting the biologic heterogeneity of this disease. While patients with MBC treated with standard therapy will uniformly die to their disease, survival may range from a few months with a very aggressive course of the disease to several years without major limitations in the quality of life. This underscores the importance of defining prognostic factors to develop risk-adopted treatment strategies.
Prognostic factors might not only help to select the optimal treatment of the individual patient and to develop risk-adjusted treatment strategies. In addition, they could help to better compare patient populations among different trials, or serve as stratification factors in randomized trials to better control potential prognostic imbalances in patient cohorts [1] . An usage example of our score is the comparison of survival times of MBC over the last decades (Ufen et al. submitted).
Clinical and pathological parameters as well as molecular markers might serve as outcome parameters. Up to now, clinical and pathological prognostic factors have been used more often because of their wider availability, while sophisticated technologies are not yet used routinely on a large scale [2] .
The stimulus behind this paper was a heuristic prognostic score defined by Possinger et al. [3] . This clinical score is characterized by metastatic pattern, receptor status, and disease-free survival. These are prognostic factors that also appear in other studies [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Our aim was to calculate a prognostic score for patients with MBC and to validate it both internally and externally. The corresponding factors of the score should be easily available in the clinical routine to judge a patient's prognosis at the onset of metastatic disease.
patients and methods
Data were collected from four different cancer registries. The registries are based on clinical data from individual patients with MBC treated in the Departments of Oncology and Hematology of the University Hospitals Charite-Berlin and Munich-Grosshadern, the University Clinic for Oncology and Haematology at the Klinikum Oldenburg, and the Division of Oncology at the Department of Internal Medicine in Graz between 1980 and 2009. All the patients with MBC treated at the four departments during the registration period were included into the analysis. For the calculation of the prognostic score and its internal validation, the datasets from Munich (n = 403) and Berlin (n = 531) were combined. For external validation of the model, the datasets from Graz (n = 634) and Oldenburg (n = 701) were separately used. We did not exclude patients with initially synchronous metastatic breast carcinoma, which were present in 8.6% (n = 113) in the low-risk group, in 15.7% (n = 72) in the intermediate-risk group, and in 15.4% (n = 76) in the high-risk group.
In each case, the initial site of relapse could be established. Patients underwent routine diagnostic procedures with clinical, radiological, and laboratory work up as far as necessary. Bone marrow biopsies did not belong to the routine procedure, but was undertaken in case of otherwise unexplained blood disorders.
All categorical data were described using numbers and percentages. Quantitative data were presented using median and range or mean and standard deviations. Survival distributions and median survival times were estimated using the Kaplan-Meier product-limit method and were compared using the generalized Wilcoxon test, including the number of patients, the number of events, median survival, and 95% confidence interval (CI). When no information was available, the status was coded as missing data. Statistical comparisons were carried out using the χ 2 test or Fisher's exact test for categorical data and the log-rank test for censored data. For comparison of the distribution of the score values, we used the independent samples Kolmogorov-Smirnov test.
To identify discrete covariates that were univariately significant for survival, we applied log-rank tests and plotted the corresponding Kaplan-Meier curves.
Univariate associations between continuous variables and survival were evaluated by Cox regression analyses. All variables associated with P < 0.10 on univariate analysis were included in the model. The univariate results were omitted here in order not to lengthen the paper, since there was no significant difference to other publications [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . We used the backward selection method, as it leads to fewer errors in estimating the predictors or in selecting the most relevant predictors. Cox regression analyses can be calculated by different statistical methods. It has been shown that the approximation introduced by Efron provides better results than Breslow's approximation. Therefore, we used Efron's approximation. Proportional hazards were tested for all entered variables using statistical and graphical methods (Schoenfeld residuals and log-log plot of cumulative hazard). CIs for the regression coefficients were based on the Wald statistics.
We used hierarchical models to check whether interactions of multivariately significant variables could improve the model.
Overall survival from the time of metastasis was defined as the interval between the first distant metastasis and death. If the patient was lost to follow-up, data were censored at the date of the last known contact. P-values of <0.05 were considered as statistically significant.
Internal validity was checked by bootstrapping as this makes efficient use of all the data. Time-dependent receiver operating characteristic (ROC) curves using the Kaplan-Meier (KM) method (based on Bayes' theorem and the Kaplan-Meier survival function) and the Nearest Neighbor Estimation (NNE) [16] were constructed to get additional numerical measures of the accuracy of the score over time. In general, the KM estimator in contrast to NNE does not meet the necessary condition that sensitivity and specificity should be monotone in the continuous variable (here, the score). The new prognostic score and the cut-off points evaluated in the training sample were then separately applied to two-independent validation samples of 634 and 701 patients. To investigate whether a certain risk group of the validation sample would generate a survival curve that would be distinguishable in a statistically significant way from the survival curves of all differing risk groups of the learning sample, we carried out pairwise log-rank tests comparing each risk group of the validation sample with each differing risk group of the learning sample.
Statistical analyses were two-sided and carried out using SPSS 20 and NCSS 2007 for Windows.
results
The derivation cohort consisted of 934 patients with a median age of 56 (range 23-87) years, and the two validation cohorts consisted of 701 and 634 patients with a median age of 57 (range 24-93) and 60 (range 25-88) years, respectively. The median follow-up after recurrence with MBC was 23 months for the derivation cohort and 24 respectively 18 months for the validation cohorts. The baseline characteristics of the derivation cohort are summarized in Table 1 and of the validation cohorts in comparison with the derivation cohort in supplementary Table S1 , available at Annals of Oncology online.
prognostic factors and association with outcome
In the Cox regression model, hormone receptor (HR) status, the specific site of metastasis, and metastatic-free interval (MFI) were significantly associated with survival from first relapse ( Table 2) . Table 2 contains the regression coefficients, the standard errors, P-values, hazard ratios, and 95% CIs for hazard ratios. The regression coefficients-multiplied by 10 and rounded-were then transformed into the prognostic score ( Table 3 ). The derived prognostic score discriminates three groups, which have low-, intermediate-, or high risks (Table 3) .
overall survival according to the prognostic score
The three prognostic groups showed highly significant differences regarding overall survival from the time of metastasis (intermediate compared with low risk: HR 1.76, 95% CI 1.36-2.27, P < 0.001; high compared with low risk: HR 3.54, 95% CI 2.81-4.45, P < 0.001) (Figure 1) . The median overall survival in these three groups were 61, 38, and 22 months, respectively.
The hazard ratios for premenopausal patients with respect to the three prognostic groups are: intermediate compared with low risk: HR 1.75, 95% CI 1.20-2.56, P = 0.004; high compared with low risk: HR 3.13, 95% CI 2.29-4.28, P < 0.001). The hazard ratios for postmenopausal patients with respect to the three prognostic groups are: intermediate compared with low risk: HR 1.76, 95% CI 1.24-2.50, P = 0.001; high compared with low risk: HR 4.16, 95% CI 2.94-5.87, P < 0.001).
internal validation
For the internal validation of our prognostic score, we used bootstrapping and time-dependent ROC curves. Bootstrapping showed a very high consistency of the results (supplementary Table S2 , available at Annals of Oncology online). The timeoriginal articles Annals of Oncology Figure S1 , available at Annals of Oncology online).
external validation
For the external validation of our results, we used two different datasets including 634 respectively 701 patients from two different institutions (supplementary Figure S2a and b, available at Annals of Oncology online). The distributions of the score values are significantly different in the derivation cohort and the two validation cohorts (independent samples Kolmogorov-Smirnov test, P < 0.001), with patients having higher score values in the Oldenburg and Graz cohorts. However, there were no significant (P = 0.067) differences between the distribution of the risk groups (supplementary Table S1 , available at Annals of Oncology online).
There are also significant differences in median survival times. The Berlin/Munich dataset showed longer median survival times than the other two cohorts [Berlin/Munich: 46 months, 95% CI (41.0-51.0); Oldenburg: 26 months, 95% CI (23.3-28.8); Graz: 22 months, 95% CI (19.6-24.4)]. Nevertheless, the score discriminated the three prognostic groups significantly in all datasets and showed similar results regardless of the origin of the patient data (supplementary Figure S2a and b, available at Annals of Oncology online). original articles
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In our analysis of 2269 patients, HR status, the specific site of metastasis, and MFI were identified as independent significant prognostic factors for overall survival calculated from the onset of metastasis. HR status has long been known as a very important prognostic and predictive factor in breast cancer, as it is correlated to malignant behavior. In the relatively new era of molecular classification, this importance has even been reinforced [17] .
Tumors predominantly metastasizing to the bone behave clinically different from those metastasizing to the liver, lung, or brain [18, 19] . The different subtypes of primary breast cancer do not only differ in their risk of developing a relapse at all, but also in the pattern of the relapse, i.e. local versus distant and different metastatic sites. This has been shown for the classical immunohistochemical variations according to HR status and HER2 status [20] [21] [22] and recently, also for the molecular subtypes [23] . Therefore, it is not surprising that the site of metastasis influences the prognosis.
Metastatic sites, however, might also have a predictive value [11, 24, 25] . For example, higher response rates of taxanes were shown in patients with visceral metastasis compared with those with non-visceral metastasis [24] .
A short MFI, usually defined as <12 or <24 months, is a negative prognostic factor for overall survival in advanced breast cancer [6, 26] . It has, therefore, been proposed as a surrogate parameter in well-known clinical practice guidelines to judge a patient's need for a more aggressive therapeutic strategy [27, 28] .
Prognostic factors in the setting of metastatic disease have been identified before. For example, an analysis of 1038 patients from a single institution in France has shown hormonal receptor status, site of metastasis, adjuvant chemotherapy, age at diagnosis of primary breast cancer, size of primary tumor, and grading of primary tumor as significant prognostic factors [5] . The single most significant independent factor was the site of metastasis.
A recent Spanish analysis including well over 2000 patients with recurrent breast cancer was used to calculate a prognostic score in an attempt similar to our study [7] . According to a multivariate analysis, the following parameters influenced overall survival significantly: age at initial diagnosis, stage at initial diagnosis, grading, hormonal receptor status, nodal ratio, administration of neo-/or adjuvant chemotherapy, dominant site of metastasis, number of hormonal lines in metastatic disease, and response to first-line therapy. This approach differs to ours as it includes variables unknown at the time of the diagnosis of metastasis, such as the number of lines of hormonal therapies for metastatic disease and response to first-line therapy. Nevertheless, a score was developed that could discriminate patients into three prognostic groups with a significantly different median overall survival of 3.69, 2.27, and 1.02 years, comparable with our results of 5.1, 3.2, and 1.8 years.
Similar results were also found in a Greek cohort analysis, in which performance status, HR status, previous adjuvant chemotherapy, previous adjuvant hormonal treatment, visceral metastasis at entry, and number of metastatic sites were found to be prognostic parameters [8] . Older analyses found similar results with HR, nodal status, disease-free interval, and site of initial recurrence as significant prognostic factors for survival after recurrence [9, 10, 12] .
Besides subtle differences between the significance of prognostic factors, the location of metastasis and HR status are consistent findings in all mentioned publications. Our score depends on only three factors (HR status, sites of metastasis, and MFI) that are easily available in the daily clinical routine.
The major drawback of our analysis is the fact that HER2/neu, an accepted prognostic factor, is not included in the model. The measurement of HER2 became a routine after the year 2000, and too few data are available in our databases to be included into our model.
In conclusion, we can offer a simple prognostic model to determine a patient's prognosis when metastatic disease is diagnosed. Although our score has been validated internally and externally by two independent cohorts of patients, it needs to be re-evaluated once new therapeutic options become available that may potentially influence our model. Further studies may be necessary in order to determine whether the risk groups may benefit differentially from more intensive treatment options. Besides elaborative molecular classification of tumors, simple clinical measures such as our model may be helpful to further individualize the care of patients with MBC.
